Stomata are pores in the leaf surface that open and close to regulate gas exchange and minimize water loss. In Arabidopsis, a pair of guard cells surrounds each stoma and they are derived from precursors distributed in an organized pattern on the epidermis. Stomatal differentiation follows a well-defined developmental programme, regulated by stomatal lineage-specific basic helix-loop-helix transcription factors, and stomata are consistently separated by at least one epidermal cell (referred to as the 'one-cell-spacing rule') to allow for proper opening and closure of the stomatal aperture. Peptide signalling is involved in regulating stomatal differentiation and in enforcing the one-cellspacing rule. The cysteine-rich peptides EPIDERMAL PATTERNING FACTOR 1 (EPF1) and EPF2 negatively regulate stomatal differentiation in cells adjacent to stomatal precursors, while STOMAGEN/EPFL9 is expressed in the mesophyll of developing leaves and positively regulates stomatal development. These peptides work co-ordinately with the ERECTA family of leucine-rich repeat (LRR) receptor-like kinases and the LRR receptor-like protein TOO MANY MOUTHS. Recently, specific ligand-receptor pairs were identified that function at two different stages of stomatal development to restrict entry into the stomatal lineage, and later to orient precursor division away from existing stomata. These studies have provided the groundwork to begin to understand the molecular mechanisms involved in cell-cell communication during stomatal development.
Introduction
A major challenge faced by plants during colonization of land was minimization of water loss, while maintaining accessibility to atmospheric carbon dioxide. The evolution of stomata-microscopic pores on the plant surface-served as an early solution to this problem. In fact, nearly all land plants possess stomata, which demonstrates their importance for plant survival. Each stoma is surrounded by two guard cells that control opening and closure of the pore via tightly regulated changes in turgor pressure. This mechanism requires that stomata are never directly adjacent to each other, a phenomenon referred to as the 'one-cell-spacing rule' (Nadeau and Sack, 2002b) . In Arabidopsis, developing leaves dynamically maintain a dispersed population of stem-cell-like stomatal precursors on their surface, an arrangement that allows for simultaneous modulation of both stomatal number and distribution during leaf growth. It is now known that cellcell communication mediated by peptide signalling regulates the entry of (proto)epidermal cells into the stomatal lineage, as well as enforces the one-cell-spacing rule (Torii, 2012) . However, many questions remain, including how these peptide signals are perceived and interpreted in a spatial-and temporal-dependent manner to regulate stomatal density and patterning. This review discusses our current understanding of peptide signals and their cognate receptors involved in stomatal development, while highlighting key remaining questions.
Overview of stomatal development in Arabidopsis
In the developing protoderm (which will give rise to the leaf epidermis), a population of stomatal precursors called meristemoid mother cells (MMCs) is established and will divide asymmetrically (known as an asymmetric entry division) to give rise to two, morphologically distinct daughter cellsa stomatal lineage ground cell (SLGC) (Shpak et al., 2005) and a meristemoid (Fig. 1) . The meristemoid may undergo a variable number of asymmetric amplifying divisions, in general giving rise to up to three SLGCs, with the meristemoid ultimately differentiating into a guard mother cell (GMC) (Berger and Altmann, 2000; Geisler et al., 2000) . The GMC will then divide once symmetrically forming a pair of guard cells surrounding a pore, thus constituting a stoma ( Fig. 1 ) (Lau and Bergmann, 2012; Pillitteri and Torii, 2012; Pillitteri and Dong, 2013) . These events in stomatal development highlight three specific cell-state transitions: (i) MMC to meristemoid; (ii) meristemoid to GMC; and (iii) GMC to mature guard cells. Each of these transitions is associated with, and requires specific expression of, the basic helix-loop-helix (bHLH) transcription factors SPEECHLESS (SPCH), MUTE, and FAMA, respectively (Fig. 1) . In addition, the bHLH transcription factor SCRM and its homolog SCRM2 interact with and regulate SPCH, MUTE, and FAMA at each cell-state transition (Lau and Bergmann, 2012; Pillitteri and Torii, 2012; Pillitteri and Dong, 2013) .
Following amplifying divisions of the meristemoid, the resulting SLGCs can differentiate into pavement cells, which are the most abundant cell type in the epidermis of a mature leaf, or they can divide asymmetrically to give rise to a secondary meristemoid (Fig. 1) . The orientation of division in asymmetrically dividing SLGCs is important for enforcing the one-cell-spacing rule (Geisler et al., 2000) . Currently, the spatial cues that inform an SLGC where to divide asymmetrically, as well as what makes SLGCs re-enter a stomatal-lineage fate versus committing to pavement cell differentiation are not understood; however, peptide signals emanating from late meristemoids/GMCs are likely to be involved (Hara et al., 2007) .
Receptor kinases regulate stomatal patterning
Through genetic analyses, a family of receptor-like kinases (RLKs) required for the establishment of stomatal spacing in Arabidopsis was identified. The ERECTA family of leucine-rich-repeat (LRR) RLKs include ERECTA, ERECTA-LIKE 1 (ERL1), and ERL2 (Shpak et al., 2005) . In addition, the LRR receptor-like protein TOO MANY MOUTHS (TMM), which possesses an extracellular LRR domain but lacks a cytoplasmic kinase domain, also plays important yet conflicting roles in regulating stomatal patterning (Yang and Sack, 1995; Nadeau and Sack, 2002a) . Genes encoding the ERECTA family receptors are expressed not only in the epidermis but also in developing organs, and mediate In the developing protoderm, a subpopulation of meristemoid mother cells (MMCs) enter the stomatal lineage, and will divide asymmetrically to give rise to a stomatal lineage ground cell (SLGC) and small meristemoid (M). The meristemoid retains stem-cell like identity and undergoes further rounds of asymmetric amplifying divisions (the re-iterated meristemoid following each amplifying division is indicated by increasingly darker shades of grey), in general generating up to three or four SLGCs. The meristemoid ultimately differentiates into a guard mother cell (GMC), which will divide symmetrically to form two paired guard cells (GC) that surround the stoma. SLGCs may terminally differentiate into pavement cells (PC), or undergo asymmetric division oriented away from the existing GMC (spacing division), ensuring that stomatal precursors are separated by at least one cell, and generating a secondary meristemoid (2° M). The secondary meristemoid may then undergo amplifying divisions or further differentiate into guard cells (as shown). Cell-state transitions are controlled by the bHLH transcription factors SPCH, MUTE, and FAMA, respectively. SPCH, MUTE, and FAMA activity are also regulated by SCRM/SCRM2. fundamental signalling pathways governing proper development of above-ground organs (Shpak et al., 2003 (Shpak et al., , 2004 van Zanten et al., 2009; Uchida et al., 2012) . In leaves, the ERECTA genes have distinct expression profiles; ERECTA expression is restricted to the early stages of leaf development, with strong expression in the protoderm, whereas ERL1 and ERL2 are also expressed in stomatal precursors but at later stages of leaf development compared with ERECTA (Shpak et al., 2005) . These expression patterns match with the distinct function of each of these receptors at different stages of stomatal development: ERECTA negatively regulates early entry into the stomatal lineage (Shpak et al., 2005) , whereas ERL1 functions at later stages by regulating the orientation of asymmetric division in SLGCs that surround an existing stomatal precursor in such a way that prevents guard cell differentiation in two directly adjacent cells (Shpak et al., 2005; Torii, 2012) . The role of ERL2 in stomatal development is less clear. Similar to ERL1, it is highly expressed in stomatal precursors and at lower levels in surrounding SLGCs, and is involved in preventing premature meristemoid-to-GMC differentiation (Shpak et al., 2005) . However, addition of erl1 or erl2 mutations to the er mutant background have unique effects. In the er mutant background, which permits excessive entry of cells into the stomatal lineage, mutation of erl2 results in an increased number of SLGCs that do not further differentiate into GMCs (Shpak et al., 2005) . This is in contrast to the er erl1 double mutant, wherein differentiation of excess meristemoids proceeds, resulting in an increase in stomatal density, thereby highlighting a specific role for ERL1 in repressing GMC differentiation (Shpak et al., 2005) . Further work is needed to clarify the role of ERL2 in stomatal development.
TMM is also expressed in early stomatal precursors (Nadeau and Sack, 2002a) ; however, its function in stomatal development is not well understood. Current models propose a regulatory role for TMM, given the complex tissue-specific phenotype of the tmm mutant. For example, in leaves, the tmm mutant has increased stomatal density and clustered stomata, but stems lack stomata, and tmm plants are otherwise developmentally normal (Geisler et al., 1998; Nadeau and Sack, 2002a; Yang and Sack, 1995) . This suggests a role for TMM in context-specific modulation of stomatal development. TMM possesses a LRR extracellular domain, and a putative glycosylphosphatidylinositol anchor domain, suggesting it is membrane anchored. However, TMM lacks a cytoplasmic kinase domain, suggesting that it either requires a cytoplasmic kinase as a partner to signal (Nadeau and Sack, 2002a) or, alternatively, is not directly involved in signal transduction but may regulate ERECTA receptor interactions or titrate extracellular signals from other receptors . Genetic interactions between TMM and ERECTA, ERL1 and ERL2 indicate that TMM may regulate the activity of the ERECTA family receptors (Shpak et al., 2005; Torii, 2012) . For instance, phenotypic analysis of tmm and er family higher-order mutants show that at least one role for TMM is to inhibit ERL1-mediated signalling, ensuring the meristemoid-to-GMC transition (Shpak et al., 2005) . TMM is expressed throughout the stomatal lineage up until the GMC stage (Nadeau and Sack, 2002a) and is likely to play additional roles in the regulation of ERECTA family signalling. Uncovering the molecular function of TMM at multiple stages of stomatal differentiation will be an important advance in understanding cell-cell communication during stomatal development.
Peptide signals involved in stomatal development
The discovery that RLKs are involved in stomatal spacing in the epidermis led to a search for putative ligands involved in signalling. A bioinformatics screen for small, secreted peptides involved in plant development identified EPIDERMAL PATTERNING FACTOR 1 (EPF1), which, when overexpressed, decreased stomatal density (Hara et al., 2007) . Paralogues of EPF1 were subsequently identified in Arabidopsis and named EPIDERMAL PATTERNING FACTOR-LIKE (EPFL) peptides (Table 1) (Hara et al., 2009) . EPF/EPFL family peptides belong to a superfamily of cysteine-rich peptides characterized by the presence of C-terminal cysteine residues that form intramolecular disulfide bonds essential for their proper folding and activity (Ohki et al., 2011) . Among the 11 EPFL peptides (Table 1) , only a few are known to play a clear role in normal stomatal development and patterning (Rowe and Bergmann, 2010; Rychel et al., 2010; Ohki et al., 2011; Shimada et al., 2011) . STOMAGEN/EPFL9 is a positive regulator of stomatal density and is secreted by developing mesophyll underlying the epidermis (Hunt et al., 2010; Kondo et al., 2010; Sugano et al., 2010) . EPF2 and EPF1 regulate stomatal patterning by enforcing the one-cell-spacing rule at two points in stomatal development: EPF2 is produced in and secreted by MMCs and meristemoids, where it prevents surrounding cells from entering the stomatal lineage (Hara et al., 2009; Hunt and Gray, 2009 ), while EPF1 is secreted by the late meristemoid/ GMC and plays a role in regulating the orientation of spacing divisions in neighbouring cells ( Fig. 2A) (Hara et al., 2007 (Hara et al., , 2009 . Consistent with these ascribed functions, recombinant EPF2 applied exogenously to wild-type seedlings results in cotyledons devoid of stomatal precursors, while application of EPF1 results in an epidermis with arrested meristemoids, and thus, no stomata ( Fig. 2B) .
Structural analysis of STOMAGEN reveals a core containing both N-and C-terminal regions of the peptide held together by disulfide bonds, and a relatively flexible loop region (Ohki et al., 2011) . Homology modelling predicts diversity within this flexible loop region among EPF/EPFL family members, and domain swapping between STOMAGEN and EPF2 revealed the loop to be responsible for their functional specificity (Ohki et al., 2011) . For example, application of recombinant peptide containing the loop of STOMAGEN and the core of EPF2 resulted in increased stomatal numbers, whereas the opposite effect was observed using the reciprocal arrangement (i.e. the loop region of EPF2 with the core of STOMAGEN) (Ohki et al., 2011) . These results, as well as the distinct phenotypes observed upon overexpression or application of recombinant EPF1 and EPF2 (Fig. 2B) (Hara et al., 2009; Lee et al., 2012) highlight the functional specificity of these peptides, where their specificity is not only dictated by their unique expression patterns, but also by inherent differences in biological activity.
As mentioned previously, EPF/EPFL peptides were originally identified based on homology with EPF1; however, a role for the majority of EPF/EPFL peptides in normal stomatal development has not been established. A subgroup of EPFL peptides that include EPFL4/CHALLAH-LIKE 2 (CLL2), EPFL5/CLL1, and EPFL6/CHALLAH (CHAL) ( Table 1 ) also negatively regulate stomatal development in plants expressing each of these genes under control of the cauliflower mosaic virus 35S promoter (Abrash and Bergmann, 2010; Abrash et al., 2011; Uchida et al., 2012) , effects that require functional ERECTA (Uchida et al., 2012) . Exogenous application of synthetic EPFL5 peptide (which is not normally expressed in leaf epidermis) was shown to confer meristemoid arrest with a concomitant decrease in MUTE expression, suggesting that EPFL5, when applied exogenously, mimics EPF1 (Niwa et al., 2013) . In addition, EPFL5 and EPFL6 were shown to negatively regulate stomatal development in the hypocotyl of tmm mutants (Abrash et al., 2011) , which normally fail to produce stomata in this tissue (Geisler et al., 1998) . Loss-of-function mutations of EPFL4, EPFL5, and EPFL 6 in the tmm mutant background (tmm chal cll1 cll2) result in stomatal clusters in hypocotyls (Abrash et al., 2011) , a phenotype that highly resembles the er erl1 erl2 hypocotyl epidermis (Pillitteri et al., 2008) . Therefore, the ability of EPFL5 and EPFL6 to negatively regulate stomatal development in the tmm mutant background is most likely a result of de-regulated activity of the ERECTA family receptors (Abrash et al., 2011) . None of EPFL4, EPFL5, is EPFL6 is expressed in leaves, and epfl4 epfl6 (and epfl4 epfl5 epfl6) plants develop stomata normally (Abrash et al., 2011; Uchida et al., 2012) . Instead, at least EPFL4 and EPFL6 function in ERECTA-mediated signalling pathways involved in inflorescence architecture (Uchida et al., 2012) . Together, these data suggest that EPFL family peptides have unique roles in growth and development in Arabidopsis, with a certain degree of overlapping biological activities, which is not surprising given their sequence similarity. The distinct functions of this subfamily of EPFL peptides in normal plant development also highlight the importance of spatial organization of common signalling components that regulate distinct developmental processes (Abrash et al., 2011) , and implicate common receptors (i.e. the ERECTA receptor family) in recognizing and interpreting multiple signals.
Peptide ligand-receptor pairs regulate stomatal spacing
The identification of both peptide signals and receptor kinases involved in regulating stomatal patterning has fuelled efforts to elucidate specific receptor-ligand interactions that regulate stomatal development. Recently, a study using dominant-negative versions of each of ERECTA or ERL1, where their respective kinase domains were deleted (ERECTAΔK and ERL1ΔK, respectively) (Shpak et al., 2003) , identified receptor-specific effects of EPF2 and EPF1 on stomatal development . Use of dominant-negative receptors circumvents the problem of receptor redundancy by specifically blocking perception and downstream signalling induced by specific ligands. In this study, seedlings expressing ERL1ΔK were insensitive to EPF1 application but remained sensitive to application of EPF2, indicating a specific perturbation of signalling in response to EPF1 . In contrast, the stomatal phenotype of ERECTAΔK was unaffected by EPF2 application, but EPF1 application resulted (Hara et al., 2007) EPFL4 and -6 expressed in inflorescence stems; important for inflorescence architecture; EPFL5 expressed in developing flowers, epfl5 mutant confers fruit sterility; when overexpressed EPFL4,-5, and -6 reduce stomatal density; chal cll1 cll2 suppresses the tmm phenotype and induces stomatal clustering in stems of tmm; EPFL5 application results in arrested meristemoids Abrash et al., 2011; Uchida et al., 2012; Niwa et al., 2013 
Secreted by leaf mesophyll cells; positive regulator of entry into the stomatal lineage Sugano et al., 2010; Kondo et al., 2010; Hunt et al., 2010 in failure of excess stomatal precursors to differentiate into guard cells . These results provide direct evidence that EPF2-ERECTA and EPF1-ERL1 are functional ligand-receptor pairs. It was also shown that both ER and ERL1 are able to interact with EPF2 and EPF1 in tobacco plants transiently expressing each of these receptors in combination with each peptide, as well as in vitro with receptors purified from plants . Binding of each of ER and ERL1 to both of EPF2 and EPF1 is not surprising, given the ability of the ERECTA family receptors to functionally complement each other when expressed ectopically (Shpak et al., 2004) . However, as mentioned previously, when recombinant EPF2 or EPF1 is applied exogenously to wild-type Arabidopsis seedlings, they cause unique phenotypes that align with their predicted receptor specificity. This raises the question of how functional specificity is obtained, even though both receptors have the ability to bind each of EPF1 and EPF2. Currently, the binding affinities of each of EPF1/2 to the ERECTA family members are unknown; however, the differences in biological activity of EPF2 and EPF1 may be related to the strength of ligandreceptor interactions in cells where multiple signals are perceived. Further studies aimed at characterizing differences in ligand-receptor binding characteristics at the molecular level may begin to clarify the role of competing ligands in signalling at specific stages of stomatal-lineage cell differentiation.
The role of EPF1-ERL1 in regulating the orientation of asymmetric divisions that gives rise to a secondary meristemoid ( Fig. 1) is not completely understood but may require factors controlling intrinsic polarity of the SLGCs that surround the late meristemoid/GMC. The presence of polarly localized proteins prior to asymmetric division, such as BREAKAGE OF ASYMMETRY IN THE STOMATAL LINEAGE (BASL) (Dong et al., 2009) and POLAR LOCALIZATION DURING ASYMMETRIC DIVISION AND REDISTRIBUTION (POLAR) (Pillitteri et al., 2011) , indicates that these cells do exhibit an intrinsic polar identity prior to division; however, a molecular link between EPF1-ERL1-mediated signalling and such factors remains unknown.
According to proposed models, EPF2 and EPF1 are secreted by stomatal lineage cells (MMCs/meristemoids and GMCs, respectively) and perceived by ERECTA family receptors in surrounding cells to inhibit stomatal development (Dong and Bergmann, 2010; Shimada et al., 2011; Torii, 2012) . One caveat to this model is that expression analysis shows that ERECTA and ERL1 are also expressed in the stomatal precursors themselves (Shpak et al., 2005) , raising the question of how these cells are immune to the signals they produce. The overlapping expression profiles and complex genetic interactions between TMM and the ERECTA family genes suggest that these receptors are functionally linked (Shpak et al., 2005) . For example, the tmm er erl2 mutant, which has ERL1 as its only functional ERECTA family receptor, displays arrested meristemoids that fail to become guard cells, suggesting that these precursors are susceptible to ERL1-mediated signalling in the absence of TMM (Shpak et al., 2005; Torii, 2012) . TMM interacts with each of ERECTA and ERL1 in plants, and it has been proposed that TMM may regulate ERECTA receptor activity by forming inactive heterodimers . Further experiments, such as manipulating expression of EPF1 and TMM/ERECTA family receptors to be either co-expressed in the same stomatal precursor cell or differentially expressed in adjacent cells by using meristemoid and/or SLGC-specific promoters, may reveal where the signals are actually perceived.
Signals from the third dimension: STOMAGEN induces initiation of stomatal precursors during epidermal development
In developing leaves, STOMAGEN/EPFL9 is secreted by mesophyll cells underlying the epidermis and positively regulates the production of stomata (Kondo et al., 2010; Sugano et al., 2010) . Depletion of STOMAGEN results in a decrease in stomatal numbers, indicating that its function is important for normal stomatal development (Sugano et al., 2010) . The stomata-inducing phenotype of STOMAGEN overexpression or its exogenous application requires TMM, leading to the proposal that TMM may act as a receptor for STOMAGEN (Hara et al., 2007; Sugano et al., 2010) . Alternatively, given the proposed regulatory role of TMM in signal perception by the ERECTA family receptors, it is possible that the ERECTA family may act as the primary receptor(s) for STOMAGEN, and TMM may regulate this interaction; however, a role for ERECTA in the perception of STOMAGEN has not yet been shown. Depletion of STOMAGEN in the epf2 mutant (characterized by excess entry of cells into the stomatal lineage) did not decrease the number of stomatal lineage cells as it did in wild-type Arabidopsis, which suggests that at early stages of stomatal precursor development (i.e. MMC to meristemoid) the function of STOMAGEN is EPF2 dependent (Sugano et al., 2010) . An agonist/antagonist model for STOMAGEN perception has been proposed, where STOMAGEN and EPFs act antagonistically on the same receptors (Shimada et al., 2011) . In line with this model, TMM may prevent EPF2-mediated signalling, while at the same time allowing ERECTA to perceive STOMAGEN. This scenario draws parallels to that observed in the stems of tmm mutants, where the absence of TMM increases the sensitivity of ERECTA receptors to EPFL4/5/6 (Abrash et al., 2011) .
STOMAGEN overexpression also causes stomatal clustering, which phenocopies loss of function of the entire ERECTA family (Shpak et al., 2005; Sugano et al., 2010) . This suggests an exciting possibility that STOMAGEN binds to the ERECTA family and blocks receptor activation or signal transduction. For example, in STOMAGEN-overexpressing plants, STOMAGEN at high levels may compete with EPF1 in SLGCs, affecting the plane of asymmetric division and resulting in the violation of the one-cell-spacing rule. Interestingly, in promoter-swap experiments, EPF2 was able to partially compensate for a lack of EPF1, but EPF1 expressed under the EPF2 promoter did not complement the absence of EPF2 (Hara et al., 2009) . The high functional specificity of EPF2 compared with EPF1 may reflect the need for early stomatal precursors to discriminate between both positive and negative signals regulating entry into the stomatal lineage. Biochemical experiments aimed at dissecting physical interactions between ERECTA, EPF2, and STOMAGEN, and how these interactions activate signalling in the presence and absence of TMM, may shed light on how stomatal precursors are able to simultaneously interpret multiple signals during stomatal development. In addition, studies using time-lapse microscopy for studying dynamic expression of key regulators of stomatal development in developing seedlings (Peterson and Torii, 2012) will give important temporal information about how the early decisions of stomatal development are made, potentially clarifying the role of STOMAGEN in the context of stomatal precursor initiation.
Regulation of stomatal development in response to stress-a role for peptide signalling?
As a short-term response to fluctuating environmental conditions, guard cells mediate opening and closure of the stomatal aperture to minimize water loss and facilitate gas exchange. As a more long-term response, environmental conditions can also affect developmental programmes leading to altered stomatal numbers (Casson and Hetherington, 2010) . For example, stomatal density is positively regulated in response to light via red, far-red, and blue light photoreceptors (Casson et al., 2009; Kang et al., 2009) . In developing leaves of Arabidopsis grown under red light, phytochrome-dependent modulation of stomatal development results in increases in stomatal numbers. This response is mediated by the phytochrome B photoreceptor and the downstream bHLH transcription factor, PHYTOCHROME INTERACTING FACTOR 4 (PIF4) (Casson et al., 2009) . It has been suggested that PIF4 regulates expression of bHLH transcription factors that regulate cell-state transitions during stomatal development (Fig. 1) ; however, a direct link between PIF4 and SPCH, MUTE, or FAMA expression has not yet been shown. In addition, regulation of stomatal development by phytochrome B, cryptochrome (CRY) blue light receptors, and far-red photoreceptor phytochrome A involves CONSTITUTIVE PHOTOMORPHOGENESIS 1 (COP1), an E3 ubiquitin ligase that supresses photomorphogenesis (Deng et al., 1992) . Genetically, COP1 acts upstream of YDA [a mitogen-activated protein kinase kinase kinase (MAPKKK) that regulates SPCH expression], SPCH, MUTE, and FAMA, and acts in parallel with TMM to regulate stomatal development. The cop1 mutant has clustered stomata, suggesting that it also has defects in peptide signalling pathways that regulate stomatal patterning (Kang et al., 2009) .
The complex regulation of stomatal development by light is just one example of how regulation of stomatal differentiation is highly adaptable to environmental conditions. As is the case in light signalling, the bHLH transcription factors that act as master regulators in stomatal differentiation are obvious candidates for downstream targets of environmental signals. For instance, SPCH is directly phosphorylated by MAPK cascades in vitro, and is regulated by the phytohormone brassinosteroids (Lampard et al., 2008; Gudesblat et al., 2012; Kim et al., 2012) .
Less is known about how genes encoding peptide signals involved in stomatal differentiation and patterning are regulated in response to environmental stress. Genetic manipulation of stomatal density via overexpression or silencing/ mutation of STOMAGEN and EPF genes might be a way to alter stomatal conductance and photosynthetic efficiency. For example, in Arabidopsis, the increased stomatal density that occurs as a result of overexpression of STOMAGEN increases the photosynthetic capacity of plants grown under both normal and high CO 2 conditions (Tanaka et al., 2013) . Conversely, decreasing stomatal density by overexpression of EPF2 resulted in increased biomass in water-limiting, high-CO 2 conditions compared with epf1 epf2 plants overexpressing STOMAGEN (which have a relatively high stomatal density) (Doheny-Adams et al., 2012) . These studies show that more subtle manipulation of stomatal density by controlling peptide signalling pathways that regulate stomatal differentiation may be a useful tool for developing plants that thrive in an increasingly CO 2 rich atmosphere. Interestingly, ERECTA was identified as a quantitative trait locus for transpiration efficiency (Masle et al., 2005) . It would be exciting to place EPF1/2 and STOMAGEN into this framework.
Plants also modulate stomatal numbers under drought conditions to minimize water loss (Quarrie and Jones, 1977; Sakurai et al., 1986; Xu and Zhou, 2008; Hamanishi et al., 2012) . A recent study examining expression of homologues of key Arabidopsis genes involved in stomatal development in Populus showed expression differences between well-watered and drought-treated plants. For example, decreases in Populus STOMAGEN expression were correlated with reduced stomatal density (Hamanishi et al., 2012) . Analysis of publicly available Arabidopsis microarray data also shows dynamic expression of STOMAGEN under stress conditions and in response to pathogens (Fig. 3) . For example, STOMAGEN transcript is decreased up to at least 3-fold under cold and osmotic stress conditions. EPF2 also shows dynamic changes in expression in response to cold and osmotic stress treatment (Fig. 3) . However these results are difficult to interpret, considering expression of EPF2 itself may be indirectly regulated by STOMAGEN (Hara et al., 2009; Hunt and Gray, 2009; Sugano et al., 2010) . Deciphering the molecular link between environmental responses and peptide signalling in controlling stomatal development is an exciting area of on-going and future research.
Summary and perspectives
Genetic approaches have been instrumental in identifying genes that encode key peptide signals and receptors involved in stomatal patterning and differentiation. The Fig. 3 . Expression profiles of ERECTA family, EPFL family genes, and transcription factors involved in stomatal development in response to stress and pathogen treatments. Publicly available AtGenExpress stress series microarray data sets (Kilian et al., 2007) were analysed using tools hosted at the BioArray Resource (BAR: http://www.bar.utoronto.ca) (Toufighi et al., 2005) . Upregulated (red) and downregulated (blue) gene expression is indicated as log 2 -fold changes in expression compared with controls. Golovinomyces orontii and Hyaloperonospora arabidopsidis are fungi that infect Arabidopsis, and are used as models to study plant-pathogen interactions (Chandran et al., 2010; Wang et al., 2011) .
two-dimensionality of epidermal development on the surface of the plant, along with the presence of stomatal precursors at distinct, yet easily identifiable stages of differentiation, make stomatal development an ideal system for studying cell-cell communication. With the identification of specific ligand-receptor pairs that negatively regulate stomatal differentiation in known cell types, more specific questions can begin to be addressed. For example, how do cells perceive and interpret multiple signals during both normal development and in response to environmental cues? What are the molecular mechanisms relevant to maintenance of stomatal precursors in the epidermis? How are peptide signals involved in asymmetric divisions that govern proper stomatal spacing? The use of cell imaging-based methods of detecting dynamic protein-protein interactions in vivo can be combined with biochemical analysis of ligand-receptor and receptor-receptor interactions to begin to answer some of these questions. These approaches will also benefit from characterized cell-type-specific promoters that can be used not only for careful manipulation of ligand and/or receptor gene expression but also for identifying signalling events that occur in specific cell states in the stomatal lineage. This unique system has the potential to advance our general understanding of how cells communicate to fulfil normal developmental programmes in other biological systems in addition to stomatal development.
